Abstract-This paper deals with the design of a controller and its implementation in a mini-rotorcraft toy with 3 rotors. A new original low-cost tilt angle sensor is introduced and kinematic and dynamic models are developed and implemented with the aim of developing an autopilot mode to stabilize and maintain hovering flight on demand. The result has to fit into a low-cost microcontroller and run in real-time.
INTRODUCTION
The Automatic control of flying machines has been a challenge to researchers for many years [1] . This paper shows the design and implementation of a real time command for maintaining the hovering flight of a 3-rotor toy aircraft [2] . Rotorcraft are one of the most complex types of flying machine [3] . Blackhawk Vectron® 1 [4] is a gyro-helicopter based toy. This 3-rotor aircraft uses a new concept in hovering flight since the entire body rotates, providing a gyroscopic effect. Despite this effect, the stability of the aircraft is not sufficient to maintain hovering flight. The toy isn't easily manoeuverable and often crashes to the ground, so it has been decided to improve the auto-pilot mode. Thus, a new low-cost tilt angle sensor has been designed and integrated into the aircraft. With a kinematic and dynamic model of the aircraft [5] and sensor data, a real time command is computed to fit into a low-cost microcontroller. One of the main difficulties in simplifying the models is fitting them into a tiny, low computing power embedded microcontroller. Most vertical take-off and landing aircraft rely on expensive and delicate gyro stabilization and/or accelerometer systems to remain stable in hovering flight [6] . The classic automatic approach [7] [8] [9] [12] cannot be used as it requires too much memory and computing power.
The next part describes the platform and the theory of the toy's operation. The third part presents the methods used to compute the tilt angle, introducing a new low-cost tilt angle piezosensor. The kinematic and dynamic models used for improving the automatic command control are shown in the fourth part. Finally, real and simulated experiments are described in the last part. 1 Vectron® BlackHawk is a registered trademark and property of Eduscience 
II. BLACKHAWK VECTRON SET DESCRIPTION
The Vectron® set is composed of (Fig. 1 ) a docking base, a controller, a power supply and the Vectron Black Hawk (Flying saucer). It has been chosen because it is tethered with a power line to the docking base, allowing us to perform as many experiments as needed without spending hours recharging batteries. It is thus lighter and cheaper than if it carried batteries. Furthermore, the Vectron ® uses a new concept in hovering flight since the entire body ring rotates. This provides a gyroscopic effect. The Thrust Vector Computer (TVC) inside the controller continuously changes the power to all three motors as they rotate, in such a way as to provide vectored control of the vehicle. For the TVC to coordinate the control pad and the Vectron®, an Infrared Reference Beam (IRB) is used (Fig. 2) . The beam is projected out radially as the Vectron® rotates and it is detected by the IR Dome in front of the controller. The TVC then knows the exact position of all three motors at the moment the IRB strikes the IR Dome.
The first step in developing the autopilot mode of the aircraft is to detect the tilt angle variation and its direction.
III. DETECTING THE TILT ANGLE
To improve the hovering flight abilities, a new low-cost tilt angle sensor has been added to the aircraft (Fig. 3) . Once the tilt variation and direction is known, the correct command will be computed automatically and sent to the thrust vector command to stabilize the aircraft and maintain hovering flight. 
A. New Low-cost Tilt Angle Sensor
The main idea for detecting the tilt angle is to combine the aircraft gyroscopic effect with a piezosensor. A lowcost piezosensor has been placed in the periphery of the flying saucer (Fig. 3) . After numerous studies, the best exploitable results are given when the piezosensor is in the tangential direction of the rotation.
This sensor detects the tilt angle variation within a range of 0 and 45 degrees to the horizontal line. Moreover, a plastic shell covers the sensor to prevent air turbulence (it has been removed for the picture in Fig. 3 ).
The active element of the sensor is a piezoelectric material with the help of a compression disk (a capacitor with the piezoceramic material sandwiched between two electrodes). A force applied perpendicular to the disk causes a charge production and a voltage at the electrodes. The sensing element of a piezoelectric accelerometer consists of piezoceramic material and a seismic mass. One side of the piezoelectric material is connected to a rigid post at the sensor base. The so-called seismic mass is attached to the other side. When the accelerometer is subjected to vibration, a force is generated which acts on the piezoelectric element. According to Newton's Law this force is equal to the product of the acceleration and the seismic mass. Because of the piezoelectric effect, a charge output proportional to the applied force is generated. Since the seismic mass is constant the charge output signal is proportional to the acceleration of the mass. With p k the piezoelectric constant, we have :
V is the voltage delivered by the piezosensor.
Over a wide frequency range both the sensor base and the seismic mass have the same acceleration magnitude. Therefore, the sensor measures the acceleration of the test object. Within the useful operating frequency range the sensitivity is independent of frequency. The lower the seismic mass, the lower the sensitivity. After many tests, in our case, a 700 mg ball gave the best results and has been chosen for the seismic mass.
B. Detecting the Tilt Angle Direction
Once the tilt angle variation has been detected, to be able to compute the correct thrust vector command, the aircraft tilt direction must be known. This can be done by analyzing the phase difference between the IR Emitter (IRB) of the Vectron® and the remote control.
The Vectron® is divided into 24 virtual sectors (Fig. 4) . The 0 Sector is linked to the IR beam of the flying aircraft. shows the evolution of the piezosensor signal, the IRB signal and the tilt angle as a function of time. The piezosensor signal is sinusoidal and its frequency is about 5 Hz, which corresponds to the rotation speed of the Vectron®. The amplitude of the piezosensor signal is a function of the tilt angle. If the Vectron is in hovering flight the amplitude is near zero. The more the Vectron® tilts, the more the mass in the piezosensor is accelerated, so, the more the amplitude. With a closer look at zone 1 (Fig. 5) , we can notice that the aircraft tilts. The piezosensor signal is sinusoidal and there is a phase difference between the IRB signal and piezosensor signal (-90 deg) which shows the aircraft's tilt direction: Sector 18 in relation to the IR emitter (Sector 0). The focus on Zone 2 shows that, the aircraft is still tilting but that both signals (IRB and piezosensor) are now in phase: the tilt direction is now Sector 0. Obviously, all these signals are strongly filtered. Fig. 5 has been obtained with the Monitor-Simulator Software described in section V.A. With these sensor data, the tilt angle variation and direction are known; the next part introduces the models used to compute the correct command to stabilize the aircraft.
IV. HOVERING FLIGHT COMMAND

A. Modeling the Vectron® for Stabilization Computation
The Euler angles could be defined in many different ways depending on the domain of use. The aeronautical engineering notation is used in this document. (Fig. 6 ).
The aim of this part is to find the expressions θ and ϕ as a function of the outputs of the tilt sensor.
1) Newton's Second Law of Motion on the Piezosensor
In the frame ' 3 ℜ , the piezosensor frame, ( 3 ' x holds the piezosensor); see Fig. 3 and Fig. 6 . We have : 3 3 ' z z = , let M be the centre of inertia of the piezosensor ball. The acceleration at this point is :
From Newton's Second Law of Motion : 
To synchronize the command with the voltage given by the piezosensor, we need to compute the tilt direction of the vectron®. The IR emitter (Fig. 2) on the bottom side of the engine allows us to know which propeller has to be powered to maintain hovering flight (see III.B).
, the piezosensor is on a different framework than the IRB emitter (Fig. 6 ). There is a phase difference equal to 3 / 2π . We can write,
To integrate the new thrust vector command into an embedded microcontroller, we have to work in discrete time space.
2) Discrete time space
With the assumption 2, 0 = θ & ,θ is assumed to be constant so θ sin , we have from (7) 
with k being the size of the piezoelectric sensor samples stack.
And, thanks to Simpson's Formula 2 , we have:
From (10), we deduce:
And also from (10), we find:
B. Newton's Second Law of Motion on the Propellers
The aim of this part is to compute the thrust vector command for each of the propellers as a function of the tilt angle and the direction of the aircraft. The details of propeller propulsion are complex because a propeller is like two rotating wings. The propeller used in the Vectron® has two blades. They are long and thin and a cut through the blade perpendicular to the long dimension gives an airfoil shape.
1) Aeronautical results
A wing is a good approximation for a rotor blade, so we can use the wing lift force model. The terms are the same as above except for d C , the drag coefficient.
2) Thrust Force
In fact, we have two blades per propeller with :
The drag forces are balancing each other. The thrust force is the sum of the two forces described above, according to Fig. 7 (total aerodynamic force). We have : α is the constant tilt angle of the propeller about frame 3 of the Vectron® (Fig. 8) . 
=
we could write so in the reference frame 0, we have :
So, for the whole rotorcraft, with the 3 propellers we obtain:
with C as the center of mass of the Vectron® (Fig. 7) :
We find out that the angular momentum is:
The dynamic momentum theorem gives :
as the inertia operator. The angular momentum theorem which links the angular momentum and the dynamic momentum gives:
In our case, the Vectron® is symmetrical (x and y) and
3) Thrust Vector Command Generation
From (18) and (22) we have:
With (16) and (23), we can write : To validate this command, we have implemented it into a Monitor-Simulator Software linked with the ODE library for more realistic results (3D and physical engines).
V. EXPERIMENTS
We have developed a tool to enable us to trace and monitor the different sensors' output. The software consists of 3 parts: the monitor, the simulator and the ODE 3 library. 
A. The Monitor-Simulator Software
One of the goals of this software is to plot the data sensor outputs to confirm the theoretical results (Fig. 9) . The piezosensor signal is sinusoidal and its amplitude varies according to the tilt angle. We also notice the phase difference between the IRB and the piezosensor signal. This is used to compute the tilt angle as explained in III.B, Fig. 5 .
1) Plots of the theoretical curves
With the theoretical models calculated, we can also plot the theoretical results and check that the practical results match the theoretical ones. The theoretical results are used to compute the thrust vector command to maintain the hovering flight of the Vectron® according to (25) in the ODE simulation.
2) ODE Simulations
ODE is an open source, high performance library for simulating rigid body dynamics. It is fully featured, stable, mature and platform-independent, with an easy to use C/C++ API. It has advanced joint types and integrated collision detection with friction. ODE is useful for simulating vehicles, objects in virtual reality environments and virtual creatures. It is currently used in many computer games, 3D authoring tools and simulation tools.
A 3D model Vectron® has been designed to be simulated in ODE. ODE is able to simulate the dynamic and kinetic behavior of the Vectron®. A model including the power cable, the 3 propellers and the piezosensor has been created. We have also used the output signals of ODE to compute the correct command to maintain the hovering flight according to (25).
It is also possible to trace all the different signals in the Monitor-Simulator Software, the unfiltered piezosensor signal, the phase difference and the tilt angle of the Vectron®.
B. The experiments
The good results obtained with the simulation encouraged us to test the new thrust vector command with a real prototype. The commands were loaded into the microcontroller and Fig. 10 shows the Vectron® hovering autonomously and the embedded board with the microcontroller. The takeoff phase is automatic and raises the aircraft above the ground base with 75% thrust power, allowing the autopilot mode, when engaged, to control the thrust power between 50% and 100% to maintain hovering flight.
After takeoff, the autopilot mode is engaged and the aircraft can remain in a 50 cm radius circle to the height of approximately 1.7 m, but from time to time the power cable stretches itself, producing a non-elastic shock the control cannot handle. The sensor used is able to detect if the aircraft is stable but not if it has drifted from above the ground base. One idea, without adding any other sensors, lies in the integration of the variation of the tilt angle as a function of time and in order to deduce if it is drifting or not. In this case, a correction command to bring the aircraft back above the ground base is computed; this solution is currently in progress.
However, the aim of this research has been reached. The Vectron® now has an autopilot mode allowing it to avoid crashes and maintain hovering flight using a low-cost solution.
VI. CONCLUSION
We have presented an original stabilization control command for holding a 3-rotor gyro-helicopter toy in hovering flight. A low-cost tilt angle sensor has been presented. This simple sensor is sufficient and no other sensors are needed. Simplified kinetic and dynamic models of the Vectron® with the tilt angle sensor data are used to compute the new thrust vector command. The command is executed in a low computing power embedded microcontroller, not in a remote Pentium PC. The hovering flight command has been validated twice, firstly by software simulation and then with real experiments. The toy is now easier to handle for beginner pilots. The autopilot mode stabilizes the aircraft, applying the command described each time the pilot releases the remote control pad and thus avoiding fatal crashes. Future works will concern adding a new mode to the Vectron®: automatically avoiding obstacles but still using cheap sensors.
